INTRODUCTION
Plants possess a multi-layered immune system that can be distinguished based on the domain architecture and subcellular localization of immune receptors. Receptor-like kinases and receptorlike proteins possess extracellular domains and are involved in the perception of conserved microbial features, called pathogenor microbe-associated molecular patterns (PAMPs/MAMPs) or apoplastic pathogen effector proteins (Zipfel, 2014) . The perception of conserved microbial features, such as bacterial flagellin or fungal chitin, culminates in pattern-triggered immunity (PTI) (Zipfel, 2014) . Intracellular immune receptors, typically possessing central nucleotide binding and C-terminal leucine rich repeat domains (NLRs) recognize pathogen effector proteins delivered into plant cells during infection culminating in effector-triggered immunity (ETI) . There are a significant number of immune receptor loci in plant genomes, with the Arabidopsis genome possessing over 600 receptor-like kinases and ~150 NLRs (Meyers et al., 2003; Johnson and Ingram, 2005) . Furthermore, Arabidopsis has served as an important model system that has shaped the understanding of plant immune signaling, facilitating the cloning of some of the first NLR immune receptors as well as identification and characterization of important immune signaling components.
Plant NLRs can be subdivided into two main classes that influence downstream signaling pathways based on their N-terminus possessing a Toll/Interleukin-1 receptor-like (TIR) region or coiled-coil (CC) region (Figure 1 ). NLRs with TIR domains are also termed TNLs (TIR domain, nucleotide binding, leucine rich repeat); NLRs with CC domains are also termed CNLs (CC domain, nucleotide binding, leucine rich repeat). CNLs generally require the GPI anchored protein NON-RACE SPECIF-IC DISEASE RESISTANCE 1 (NDR1: AT3G20600) for signaling (Century et al., 1995) . On the other hand, multiple TNLs require ENHANCED DISEASE SUCEPTIBILITY 1 (EDS1: AT3G48090) and PHYTOALEXIN DEFICIENT 4 (PAD4: AT3G52430) for signaling (Parker et al., 1996) . NLRs are found in early plant lineages and some plant species exhibit significant NLR gene expansion. It is interesting to note that TNLs are absent in several plant species including monocots, whereas CNLs are found in both monocots and dicots (Yue et al., 2012) . Despite significant differences in localization and genetic loci required for full immunity, common cellular changes occurring during ETI are prevalent. NLR activation induces Ca 2+ signaling, sustained reactive oxygen species (ROS), alterations in membrane trafficking, and global transcriptional reprogramming to induce strong defense responses (Spoel and Dong, 2012) . In addition, a hallmark of ETI is the hypersensitive response (HR), a form of programmed cell death at the site of infection. Although activation of PTI can also induce an HR (Naito et al., 2007) , the HR is most commonly associated with NLR activation. Despite the prevalence of the HR during ETI, genetic mutations in loci such as DEFENSE NO DEATH-1 (DND1: AT5G15410) and ARA-BIDOPSIS THALIANA METACASPASE 1 (AtMC1: AT1G02170) can uncouple HR and resistance, indicating that the HR may be vate downstream signaling through changes in protein localization, release of inhibitory effects on client proteins or dynamic interactions with new sets of clients . It is interesting to note that purified NLR proteins can bind both ATP and ADP (Tameling et al., 2002) . Thus, it is possible that these NLRs are continually cycling between active and inactive states, with effector perception "locking" the immune receptor into a more stable active state. Alternatively, NLR association with the conserved chaperone complex at a resting state could enhance ADP binding.
EXAMPLES OF DIRECT AND INDIRECT RECOGNITION
NLRs can either directly or indirectly recognize corresponding pathogen effectors (Figure 2 ). The RECOGNITION OF PERO-NOSPORA PARASITICA1 (RPP1: AT3G44480) locus comprises a cluster of NLRs and several members recognize specific effectors from the oomycete pathogen Hyaloperonospora arabidopsidis (Hpa) (Botella et al., 1998) . RPP1-mediated recognition of the ATR1 effector is consistent with a model of direct recognition. Distinct ATR1 alleles are differentially recognized by RPP1 and individual RPP1 alleles also vary in their recognition specificity (Krasileva et al., 2010) . ATR1 can associate with the LRR domain of RPP1-WsB from the Arabidopsis accession Wassilewskija (Ws) and mutational analyses of surface localized residues on ATR1 affect its ability to associate with its cognate NLR (Krasileva et al., 2010; Chou et al., 2011; Steinbrenner et al., 2015) . a consequence rather than a cause of resistance (Clough et al., 2000; Coll et al., 2010) .
NLR DOMAIN ARCHITECTURE AND NUCLEOTIDE BINDING
The central region of NLRs consists of the NB-ARC (nucleotidebinding adaptor shared by APAF-1, R proteins, and CED-4) region ( Figure 1 ). The NB-ARC domain comprises motifs that are hypothesized to control nucleotide binding (Walker A/P-loop/ MHD) and hydrolysis (Walker B) (Takken et al., 2006) . The presence of conserved NLR domain architecture in both plants and animals indicates that these proteins are elegantly designed to function as molecular switches depending on the bound nucleotide. Consistent with this hypothesis, key mutations within the P-loop completely abolish nucleotide binding and typically render NLRs inactive (Takken and Goverse, 2012) . Three amino acids, MHD, are frequently conserved in the NB-ARC domain of active NLRs and MHD mutations are thought to enlarge the nucleotide binding pocket making nucleotide exchange and ATP binding more favorable, resulting in autoactivity (Takken and Goverse, 2012) . The current model of plant NLR activation suggests that in a resting state, the CC or TIR domain in conjunction with the LRR inhibits nucleotide exchange. Effector perception is hypothesized to trigger opening of the receptor, alter intraand inter-molecular interactions, and promote exchange of ADP for ATP, triggering downstream signaling (Takken and Goverse, 2012) (Figure 2 ). These molecular rearrangements could acti- PV. MACULICOLA 1 (RPM1: AT3G07040) NLR can be activated by either phosphorylation of its guardee RPM1 INTERACTING PROTEIN 4 (RIN4: AT3G25070) at threonine 166 or by deletion of a nearby residue, proline 149 (Chung et al., 2011; Liu et al., 2011; Li et al., 2014b) (Figure 3 ). Although RPS5 and RPM1 can sense specific modification of a guarded protein, they can also be activated by mutating regions surrounding the modified residue. Thus, NLRs may be capable of sensing a general disruption in the fold of guarded targets, which could enable recognition of diverse effectors with similar host targets.
NLR BIOLOGY
In animals, NLRs are well known to oligomerize upon activation, forming an inflammasome which acts as a signaling scaffold (Philpott et al., 2014) . Mouse NLRC4 heterodimerizes with either NAIP5 or NAIP2 and the presence of either NAIP protein deterIn the case of indirect recognition, the NLR "guards" a key host protein and detects effector-induced modification of the guarded protein (Jones and Dangl, 2006) (Figure 2 ). The guarded protein can either be a bona fide effector virulence target or a decoy (van der Hoorn and Kamoun, 2008) . The Arabidopsis NLR RESIS-TANCE TO PSEUDOMONAS SYRINGAE 5 (RPS5: AT1G12220) indirectly recognizes the AvrPphB pathogen effector from Pseudomonas syringae. AvrPphB is delivered inside host cells during infection and acts as a cysteine protease, cleaving the plant kinase AvrPphB SUSCEPTIBLE 1 (PBS1: AT5G13160) (Shao et al., 2003) . RPS5 monitors PBS1 and is activated by PBS1 cleavage, leading to ETI (Ade et al., 2007) . PBS1 and related kinases are important immune signaling proteins and serve as AvrPphB virulence targets in susceptible genetic backgrounds (Zhang et al., 2010) . Interestingly, RPS5 is capable of sensing PBS1 cleavage products as well as PBS1 with a five amino acid alanine insertion located within its cleavage site (DeYoung et al., 2012) . Furthermore, the RESISTANCE TO PSEUDOMONAS SYRINGAE A. Direct recognition model. At a resting state, the NLR receptor domains are compact and the NB-ARC region is bound to ADP. Upon effector binding, the NLR receptor opens, exchanges ADP for ATP, and initiates downstream immune signaling. ATP can subsequently be hydrolyzed and the receptor returned to a resting state. mines the specificity of the inflammasome to bacterial MAMP perception (Kofoed and Vance, 2011; Zhao et al., 2011) . Recent research has also demonstrated that several plant CNLs and TNLs can self-associate. Furthermore, some Arabidopsis NLRs can heterodimerize, with both NLRs required for a robust immune response. These examples of NLR cooperation are discussed below in detail.
NLR Self-Association
One example of an Arabidopsis NLR that can self-associate is RPS5. Differentially tagged full length RPS5 proteins co-immunoprecipitated with each other when transiently expressed in Nicotiana benthamiana (Ade et al., 2007) . Furthermore, individual RPS5 domains (CC, CC-NB-ARC, NB-ARC, and LRR) co-immunoprecipitated with both themselves and full-length RPS5, suggesting that all domains contribute to the RPS5's intermolecular interactions (Ade et al., 2007) . TIR domains from other Arabidopsis TNLs can also self-associate, including RPP1 (Krasileva et al., 2010) and RESISTANCE TO PSEUDOMONAS SYRINGAE 4 (RPS4: AT5G45250) (Williams et al., 2014) . Several lines of evidence highlight the importance of TIR dimerization for inducing cell death. GFP and related fluorescent proteins undergo spontaneous dimerization (Day and Davidson, 2009) . Expression of RPP1's TIR domain fused to GFP in N. tabacum triggered effec- Arabidopsis NLRs with their corresponding "guardees" and pathogen effectors. RPS2 is associated with the plasma membrane and guards RIN4. RPS2 is activated upon cleavage of RIN4 by the AvrRpt2 effector. The helper NLR ADR1 is also involved in RPS2-mediated immunity. RPM1 is also associated with the plasma membrane and guards RIN4. RPM1 perceives the bacterial effector AvrB, which induces RIN4 phosphorylation through host kinases such as RIPK. RPS4 associates with the endoplasmic reticulum (ER) and exhibits partial nuclear localization. RPS4 functions with another NLR, RRS1 which also possesses a WRKY domain. RRS1 associates with RPS4 independently of effector binding. The effectors PopP2 and AvrRps4 target RRS1's WRKY domain, facilitating the formation of an active RRS1-RPS4 complex to trigger downstream defense responses. SNC1 possesses both a nuclear localization signal (NLS) and a nuclear export signal (NES) and shuttles between the nucleus and cytoplasm. Solid arrows indicate the nuclear-cytoplasmic trafficking of NLRs. Dotted arrows indicate indirect regulation or unknown signaling pathways (question marks).
tor-independent cell death. However, RPP1's TIR domain fused with monomeric GFP was unable to elicit cell death (Krasileva et al., 2010) . Williams et al. (2014) mutated several residues on RPS4's TIR domain to generate dimeric or monomeric TIR variants, demonstrating the requirement of TIR dimerization for eliciting cell death. These results indicate that TIR self-association plays an important role in the induction of the HR. The TIR domain in full length TNLs may not self-associate at a resting state, but ATP binding could trigger TIR association and downstream defense responses.
Other CNLs and TNLs can form homodimers or oligomers, such as tobacco N, flax L6 and barley MLA10 (Mestre and Baulcombe, 2006; Bernoux et al., 2011; Maekawa et al., 2011) . Collectively, these experiments indicate that NLR self-association is a common mechanism required for ETI-triggered HR. The majority of the experiments conducted to date are performed using transient expression with the HR as an indication of ETI. Genetically, HR and resistance can be uncoupled in several cases (Clough et al., 2000; Coll et al., 2010) . Therefore, it will be important to assess the role of NLR self-association for inhibiting pathogen proliferation.
NLR Pairs
An increasing number of elegant genetic studies have highlighted cooperation between genetically linked NLRs for regulating disease resistance in both monocots and dicots (Césari et al., 2014a) . In multiple cases, the two NLRs are in a head-to-head orientation sharing a promoter and one of the NLRs possesses an additional domain that is targeted by pathogen effectors (Cés-ari et al., 2014b; Le Roux et al., 2015; Sarris et al., 2015) . These findings led to a new model of NLR recognition, called the integrated decoy hypothesis (Césari et al., 2014a) (Figure 2 ). In this model, a sensor NLR, possessing an additional unique domain, acts as a decoy by mimicking the effector virulence target. Effector binding then facilitates activation of the second signaling NLR with classical domain architecture, leading to ETI (Césari et al., 2014a) . It is also possible that pathogen effectors directly target sensor NLRs to facilitate pathogen virulence in susceptible genotypes (Wu et al., 2015) . The extra domain present on the sensor NLR could either be a decoy or a bona fide effector virulence target (Wu et al., 2015) . Multiple head-to-head NLR pairs with one member possessing an additional domain have been identified, indicating that the integrated decoy hypothesis may be one broadly conserved mechanism for NLR activation (Césari et al., 2014a) . Below, we will discuss two examples of this model.
In Arabidopsis, the TNLs RPS4 and RESISTANT TO RAL-STONIA SOLANACEARUM 1 (RRS1: AT5G45260) function in concert to mediate recognition of unrelated effector proteins from three distinct pathogens: the bacterial effector AvrRps4 from P. syringae pv. pisi, the bacterial effector PopP2 from Ralstonia solanacearum, and an unknown effector from the fungal pathogen Colletotrichum higginsianum (Narusaka et al., 2009) . RPS4 exhibits classical TNL domain architecture, while the RRS1 TNL also possesses a C-terminal WRKY motif that is characteristic of some plant transcription factors (Figure 1, Figure 3 ). RPS4 and RRS1 reside within a single locus with a head-to-head tandem orientation. Homodimerization of RPS4's TIR domain induces cell death that is suppressed by the heterodimerization of RPS4 and RRS1 (Williams et al., 2014) . Furthermore, an intact P-loop motif of RPS4 NB-ARC domain is required for AvrRps4 or PopP2-triggered cell death whereas a P-loop mutation on RRS1 did not abolish effector-triggered cell death (Williams et al., 2014) . Collectively, these data indicate that RRS1 acts as the sensor NLR, while RPS4 functions as a signaling NLR.
The bacterial effectors AvrRps4 and PopP2 target RRS1's WRKY domain. The PopP2 effector acts as an acetyltransferase and acetylates RRS1's WRKY domain, resulting in reduced DNA binding (Le Roux et al., 2015; Sarris et al., 2015) . It is proposed that effector binding to RRS1's WRKY domain induces a conformational change, followed by release of the RRS1-RPS4 complex from bound DNA and formation of an active RRS1-RPS4 complex capable of triggering downstream defense responses (Williams et al., 2014; Le Roux et al., 2015; Sarris et al., 2015) . PopP2 acetylates several WRKY transcription factors and disables defense gene activation, consistent with the hypothesis that RRS1's WRKY domain acts as a decoy (Le Roux et al., 2015; Sarris et al., 2015) .
In the Arabidopsis genome, several close homologs of RPS4 and RRS1 are also linked in a head-to-head tandem orientation, indicating that these NLRs may also function as pairs (Narusaka et al., 2009) . Recently, another Arabidopsis TNL pair (RPS4B: AT5G45060 and RRS1B: AT5G45050) with head-tohead tandem orientation and 60% identity to the RPS4-RRS1 pair was found to mediate resistance against AvrRps4, but not PopP2 . Although inappropriate pairs (RPS4B-RRS1 and RPS4-RRS1B) exist in some ecotypes, they are unable to recognize AvrRps4 or PopP2 . Thus, effector recognition by this set of paired NLRs requires the appropriate partner for function and specificity.
NLR pairs are also frequently found in monocots (Césari et al., 2014a) . Two tightly linked rice CNLs, R GENE ANALOG (RGA) 4 and 5 associate through their coiled-coil domains and functionally cooperate to regulate resistance to the fungal pathogen Magnaporthe oryzae (Césari et al., 2014b) . The RGA4 signaling NLR constitutively triggers an effector-independent cell death which is repressed by the RGA5 sensor NLR. The AVR-Pia effector directly interacts with RGA5's RATX1 domain, leading to the activation of RGA4-mediated signaling (Césari et al., 2013; Césari et al., 2014b) . Characterized as well as predicted sensor NLRs possess a wide variety of unique domains, which is consistent with the hypothesis that these domains are acting to bait effectors as opposed to being directly involved in downstream immune signaling.
Helper NLRs
In plant and animal systems, NLRs can also function in downstream signaling after initial pathogen perception. Tobacco NRG1, which is required for N-mediated immune response, was the first "helper" NLR to be identified (Peart et al., 2005) . NRG1 and other characterized helper NLRs are CNLs whose N-terminal CC domain resembles the Arabidopsis RESISTANCE TO POWDERY MILDEW 8 (RPW8) protein (Collier et al., 2011) . This CC domain lacks the EDVID motif, has been termed CC R , and is present in a basal clade with two distinct subgroups (Collier and Moffett, 2009; Collier et al., 2011) . One subgroup is exemplified by NRG1. The second subgroup is exemplified by Arabidopsis ACTIVATED DISEASE RESISTANCE 1 (ADR1: AT1G33560), another helper NLR and that functions downstream of initial immune perception (Bonardi et al., 2011) . The Arabidopsis CNL ADR1 and two other family members (ADR1-LIKE 1: AT4G33300 and ADR1-LIKE 2: AT5G04720) contribute to ETI mediated by RESISTANCE TO PSEUDOMONAS SYRINGAE 2 (RPS2: AT4G26090), REC-OGNITION OF PERONOSPORA PARASITICA 2 (RPP2), and RECOGNITION OF PERONOSPORA PARASITICA 4 (RPP4: AT4G16860) (Bonardi et al., 2011) . RPS2 indirectly recognizes the AvrRpt2 effector, which is a protease and cleaves the plant protein RIN4 (Axtell and Staskawicz, 2003; Mackey et al., 2003) (Figure 3) . The adr1 triple mutant exhibited compromised RPS2-mediated responses. However, AvrRpt2 was still able to effectively cleave RIN4 in the adr1 triple mutant, indicating that the ADR1 family functions downstream of initial pathogen perception (Bonardi et al., 2011) .
The ADR1 family is also required for basal defense against virulent pathogens such as Hpa Emco5 and P. syringae pv. tomato (Pto) DC3000, highlighting overlap between PTI and ETI signaling networks (Bonardi et al., 2011) . ADR1-L2 helper activity is P-loop independent (Bonardi et al., 2011) . Surprisingly, mutation of the ADR1-L2 MHD motif leads to a dwarfed phenotype and enhanced resistance to Hpa Emco5 and Pto DC3000 (Roberts et al., 2013). Thus, apart from P-loop independent helper activity, ADR1-L2 also exhibits canonical P-loop dependent NLR activity (Roberts et al., 2013) . Distinct helper NLRs may serve as adaptors to transduce immune signaling from plasma membrane (PM)-localized NLRs to downstream signaling components. Future studies focused on determining if helper NLRs interact directly with receptor NLRs in plants will enhance our understanding of early immune signaling.
DIVERSE NLR SUBCELLULAR LOCALIZATIONS
NLR proteins are found in diverse subcellular localizations, from the cytoplasmic side of the plasma membrane to the cytosol and nucleus. In Arabidopsis, 51 TNL and 39 CNL proteins possess predicted monopartite or bipartite nuclear localization signals (NLSs) (Shen and Schulze-Lefert, 2007) . Multiple studies have drawn attention to the nucleo-cytoplasmic trafficking of plant NLR proteins and their functions in the nucleus (Figure 3 ) (reviewed in Liu and Coaker, 2008) . RRS1 contains several predicted NLSs and its nuclear localization is dependent on the presence of the nuclear-targeted effector PopP2 (Deslandes et al., 2003) . RPS4, which functions in concert with RRS1, associates with endomembranes and exhibits partial nuclear localization ( Figure 3 ). The nuclear pool of RPS4 is essential for RRS1/RPS4 resistance to Pto DC3000 expressing AvrRps4 (Wirthmueller et al., 2007) . However, there is no major nuclear re-localization of RPS4 upon AvrRPS4 recognition (Wirthmueller et al., 2007) . Another example of an Arabidopsis NLR exhibiting nucleocytoplasmic localization is SUPPRESSOR OF NPR1-1, CONSTITUTIVE 1 (SNC1: AT4G16890) (Cheng et al., 2009) (Figure 3 ). SNC1 possesses canonical TNL structure and contains both an NLS and nuclear export signal (NES). snc1 was first identified as a gain-of-function mutant with a point mutation in the region between the NB-ARC and LRR domains (Zhang et al., 2003) . Three suppressors of the snc1 mutant have highlighted the importance of nucleo-cytoplasmic distributions for NLR immune responses. These suppressors of snc1 include importin a3, nucleoporin 88, and nucleoporin 96 (Palma et al., 2005; Zhang and Li, 2005; Cheng et al., 2009 ). The nucleoporin 88 mutant exhibits defects in basal defense responses against P. syringae pv maculicola ES4326 and several NLRmediated immune responses, such as those controlled by RPM1, RPP4, RPS4, and RPS5 (Cheng et al., 2009 ). Furthermore, snc1 requires an intact P-loop for activation, can oligomerize in either the nucleus or cytoplasm, with snc1 nuclear pools required for activation of downstream immune responses (Xu et al., 2014a) (Figure 3) .
Other plant NLRs also exhibit dynamic nucleo-cytoplasmic distribution. The tobacco TNL N recognizes a viral effector in the cytoplasm and subsequently relocates to the nucleus for defense responses (Burch-Smith et al., 2007; Caplan et al., 2008) . The potato CNL Rx1, which confers resistance to Potato virus X, exhibits nucleo-cytoplasmic localization (Slootweg et al., 2010) . Forced localization experiments revealed that Rx1 is activated in the cytoplasm, but both nuclear and cytoplasmic pools are required for a full ETI response (Slootweg et al., 2010) . These studies as well as others have highlighted the importance of appropriate subcellular distribution and extensive coordination across subcellular compartments for full resistance.
IMMUNE SIGNALING DOWNSTREAM OF NLR ACTIVATION
Despite the importance of innate immune responses, the immediate targets of activated immune receptors remain largely unknown. Forward genetic screens have identified few robust ETI signaling components, implicating short signaling pathways or high genetic redundancy. Some nucleo-cytoplasmic NLRs can directly interact with transcription factors, indicating that signal transduction downstream of NLR activation can be very short (Chang et al., 2013; Inoue et al., 2013; Padmanabhan et al., 2013) . In Arabidopsis, RPS4 and SNC1 interact with the transcription factor bHLH84 and its paralogs to regulate ETI (Xu et al., 2014b) . Although NLR activation triggers extensive transcriptional reprogramming, not all NLR proteins translocate to the nucleus or directly interact with transcription factors. How NLRs with diverse localizations trigger a similar set of ETI responses is a major unanswered research question.
Genetic screens have highlighted the importance of a conserved chaperone complex as well as core loci generally required for CNL and TNL responses. The conserved chaperone complex is required for NLR stability and consists of HEAT SHOCK PROTEIN 90 (HSP90), SUPPRESSOR OF THE G2 ALLELE OF SKP1 (SGT1A: AT4G23570 and SGT1B: AT4G11260), and REQUIRED FOR MLA12 RESISTANCE 1 (RAR1: AT5G51700) (Shirasu, 2009 ). NDR1, a plasma membrane-anchored integrinlike protein, is required for ETI induced by multiple CNLs (Century et al., 1995; Day et al., 2006; Knepper et al., 2011) . NDR1 also associates with RIN4 which is guarded by the plasma membrane localized CNLs RPM1 and RPS2 (Day et al., 2006; Knepper et al., 2011) . EDS1, a nucleo-cytoplasmic lipase-like protein, is required for ETI induced by multiple TNLs and regulates basal defense responses. EDS1 was found to form protein complexes with several Arabidopsis TNLs including RPS4, RESISTANCE TO PSEUDOMONAS SYRINGAE 6 (RPS6: AT5G46470), and SNC1 (Bhattacharjee et al., 2011) . Although EDS1 has similarity to lipases, mutation of potential lipase catalytic sites indicates that the catalytic activity of EDS1's lipase domain is dispensable for ETI signaling (Wagner et al., 2013) . Rather, EDS1 mediates ETI by association with PAD4, SENESCENCE-ASSOCIATED GENE 101 (SAG101: AT5G14930) and the adapter protein SUPPRES-SOR OF RPS4-RLD1 (SRFR1: AT4G37460) (Feys et al., 2005; Xing and Chen, 2006; Kwon et al., 2009; Rietz et al., 2011; Wagner et al., 2013) . SRFR1 is recruited in EDS1-TNL complexes. SRFR1 interacts with several TCP transcription factors and is predicted to act as a transcriptional repressor (Kim et al., 2014) . EDS1 has also been reported to be "guarded" by the NLRs RPS4 and RPS6 (Bhattacharjee et al., 2011; Heidrich et al., 2011) (Figure 3) . However, Sohn and colleagues (2012) were unable to coimmunoprecipitate EDS1 and AvrRps4 in N. benthamiana. Future experiments using alternative methods to detect protein interactions will help determine if AvrRps4 directly targets EDS1.
CELLULAR CHANGES ASSOCIATED WITH EFFECTOR-TRIGGERED IMMUNITY
NLR activation leads to diverse cellular changes including sustained Ca 2+ influx, elevated ROS levels, MAP kinase activation, alteration of endomembrane trafficking, transcriptional reprogramming, and the HR (Cui et al., 2015) . Dynamic rearrangements of the endomembrane system and alterations in membrane trafficking occur during ETI to inhibit pathogen proliferation (Teh and Hofius, 2014) . Activation of the NLRs RPS2 and RPM1 led to the fusion of membranes between the central vacuole and the plasma membrane, resulting in the release of vacuolar antimicrobial proteins to the apoplast with cell death inducing activity (Hatsugai et al., 2009) . This membrane fusion is mediated by a b-subunit of 26S proteasome called PBA1 (AT4G31300) which acts as a caspase-3-like protein (Hatsugai et al., 2009) . Quantitative proteomic analyses of plasma membrane-enriched fractions highlighted the upregulation of proteins involved in endocytosis and exocytosis during RPS2 activation (Elmore et al., 2012) . A number of different vesicle trafficking components are involved in regulating plant immunity (Teh and Hofius, 2014) . Mutations in VPS35 HOMOLOG B (VPS35B: AT1G75850) are compromised in a subset of NLR mediated responses, including the HR (Munch et al., 2015) . VPS35B is a component of the retromer complex, which functions in endosomal protein sorting as well as vacuolar trafficking. Pathogen effectors also target membrane trafficking components in order to promote pathogen virulence (Nomura et al., 2006) . The P. syringae effector HopM1 targets HOPM INTER-ACTOR 7 (AtMIN7: AT3G43300), a vesicle trafficking regulator, and induces AtMIN7 degradation via the proteasome (Nomura et al., 2006) . During ETI, HopM1-mediated degradation of AtMIN7 is suppressed in order to inhibit effector triggered susceptibility (Nomura et al., 2011) . These data highlight membrane trafficking as a key battleground during pathogen infection.
Unlike animals, plants lack homologous caspases to trigger cell death (Spoel and Dong, 2012) . Other important mediators of HR development are the Arabidopsis metacaspases AtMC1 and ARABIDOPSIS THALIANA METACASPASE 2 (AtMC2: AT4G25110), which play antagonistic roles in the regulation of cell death (Coll et al., 2010) . Metacaspases are related to caspases and are proteases that cleave substrates after Arginine and Lysine residues (Vercammen et al., 2004) . Although mutations on the catalytic sites of AtMC1 eliminate HR triggered by NLR activation in mature Arabidopsis, they do not lead to enhanced pathogen proliferation (Coll et al., 2010) . Autophagy can also act to regulate HR in a parallel pathway with AtMC1, consistent with both autophagy and AtMC1 positively regulating cell death in young plants but negative regulating cell death in mature plants (Coll et al., 2014) .
In response to pathogen infection, a biphasic ROS accumulation is detected during the activation of both PTI and ETI. Increased ROS production is cytotoxic to pathogens (Chen and Schopfer, 1999) , leads to cell wall reinforcement (Bradley et al., 1992; Hückelhoven, 2007) , and has an important signaling role (Kovtun et al., 2000; Mou et al., 2003) . The first phase of ROS accumulation is mainly in the apoplast and occurs within minutes after infection. The first phase is regulated by NADPH oxidases called Respiratory Burst Oxidase Homologs (RBOHs) which localize to the plasma membrane and produce apoplastic ROS (Keller et al., 1998) . RBOH proteins have two calcium-binding EF-hand motifs at their N-terminus and are phosphorylated by multiple calcium-dependent protein kinases (CPKs) (Kobayashi et al., 2007; Boudsocq et al., 2010; Dubiella et al., 2013; Gao et al., 2013) , calcineurin B-like proteins (CBLs) and CBL-interacting protein kinases (CIPKs) (de la Torre et al., 2013) . In Arabidopsis, CPK4, 5, 6 and 11 (AT4G09570, AT4G35310, AT2G17290, and AT1G35670) were shown to positively regulate ROS production during PTI (Boudsocq et al., 2010) . CPK5 can directly phosphorylate RBOHD (AT5G47910) (Dubiella et al., 2013) . Recently, it was shown that Arabidopsis RBOHD is a part of the PRR complex and can also be directly phosphorylated by BOTRYTIS-INDUCED KI-NASE1 (BIK1: AT2G39660) at specific sites upon PAMP perception to enhance RBOHD activity (Kadota et al., 2014; Li et al., 2014a) . It will be interesting to examine the role of both CPK and BIK1 specific RBOHD phosphorylation sites during ETI.
In Arabidopsis, the atrbohD/F (AT5G47910/ AT1G64060) double mutant exhibited reduced ROS burst and HR in response to the avirulent bacterial pathogen Pto DC3000 (avrRpm1), but had no effect on bacterial growth (Torres et al., 2002) . However, when infected with the avirulent oomycete Hpa Emco5, the atrbohD/F double mutant showed enhanced cell death and resistance despite decreased ROS production (Torres et al., 2002) . ROS production can be uncoupled from the HR in some plant-pathogen interactions (Glazener et al., 1996; Yano et al., 1999) . These data indicate that RBOHs are crucial for extracellular ROS production during pathogen infection, but their connection with cell death requires further investigation. The second phase of ROS production occurs several hours after pathogen infection. ETI and the HR is associated with this prolonged phase of ROS production (Wojtaszek, 1997; Grant and Loake, 2000) . Multiple organelles including chloroplasts, mitochondria, and peroxisomes contribute to ROS production during HR, and chloroplasts play a pivotal role in intracellular ROS production (Doyle et al., 2010; Shapiguzov et al., 2012) . Intracellular ROS are not only involved in mediating cell death during the HR but also serve as signaling molecules to upregulate defense-related gene expression (Straus et al., 2010) . However, it is still unclear how these intracellular ROS produced from different organelles serve as signals to initiate and promote HR and regulate gene expression in the nucleus.
NLR activation also leads to a prolonged and sustained increase of cytosolic Ca 2+ which is required for the HR Ma et al., 2008) . Thirty-four CPKs are encoded in the Arabidopsis genome (Cheng et al., 2002) . Several of them are involved in regulating different aspects of plant immunity. Similar to potato CPK4 and CPK5, constitutively active AtCPK1, 2, 4, and 11 (AT5G04870, AT3G10660, AT4G09570, and AT1G35670) phosphorylate the cytoplasmic N-terminus of both RBOHD and RBOHF (Gao et al., 2013) resulting in enhanced ROS production. The cpk1/cpk2 double mutant exhibited reduced ROS production upon inoculation with Pseudomonas expressing avrRpm1 or avrRpt2 (Gao et al., 2013) . CPKs can also directly regulate transcriptional reprogramming by phosphorylating WRKY transcription factors in a calcium-dependent manner, regulating WRKY promoter binding activity (Gao et al., 2013) . These data highlight the importance of calcium signaling and CPKs for NLR-mediated defense.
CONCLUSIONS AND FUTURE DIRECTIONS
The recent discovery of NLR cooperation and paired NLRs has advanced the field of plant immunity. An increasing number of plant genome sequences are available, enabling the identification of multiple linked NLR pairs. Future research elucidating how each member of distinct NLR pairs function will significantly advance our understanding of plant immune perception. Furthermore, how downstream helper NLRs, such as ADR1, interface with primary receptor NLRs remains to be elucidated. Multiple unanswered questions remain about the conservation of signaling components immediately downstream of multiple NLRs with diverse subcellular localizations. Addressing these important areas will significantly enhance our understanding of NLR biology.
Significant progress has been made understanding the importance of NLR cooperation, NLR subcellular localization, and transcriptional reprogramming towards defense. However, several fundamental questions related to early immune signaling remain elusive: What are the conformational differences between active and inactive NLR receptors? How do distinct NLR domains work together? Purification of soluble full-length plant NLRs with high purity and homogeneity has been an obstacle impeding the progress of obtaining NLR structures. Recent advancements in direct electron detectors and imaging processing software have revolutionized our ability to determine high molecular weight protein structures using cryo-electron microscopy with relatively low sample concentrations (Kühlbrandt, 2014) . Thus, obtaining the structures of full-length NLRs and their complexes may be feasible in the near future. Solving plant NLR structures in an active and inactive state will enable scientists to directly test models of NLR activation and pave the way to synthetic engineering of immune receptors with novel recognition specificity.
